A protein of molecular weight '120,000 was isolated from cultured human fibroblasts and HeLa cells on the basis of its ability to bind specifically to apurinic DNA. After separation from apurinic endonuclease activity, the protein was found to incorporate purine, but not pyrimidine, bases specifically into depurinated DNA so as to protect the apurinic sites from alkali. Purine base insertion activity was sensitive to heating and freezing as well as to caffeine and EDTA; it required K+ but not a divalent cation. Guanine, but not adenine, was incorporated into depurinated poly(dG-dC), whereas adenine, but not guanine, was incorporat into poly(dA-dT) After
incorporation into depurinated DNA, guanine could be reisolated as dGMP. Although this activity suggests an alternative pathway for DNA repair that is independent of nucleotide excision, other functions for such an enzyme are possible. DNases that act upon DNA containing apurinic sites have been characterized from various sources including bacteria (1) , plants (2) , and human cells (3) (4) (5) . These enzymes are assumed to be part of a duplex DNA repair pathway in which the apurinic endonuclease (AP endonuclease) makes an incision in the vicinity of the apurinic lesion, and then the apurinic lesion is excised by an appropriate exonuclease and the resulting gap is filled in by a DNA polymerase. The apurinic lesion presumably arose initially either spontaneously, by reaction with chemicals, or as the product of a DNA glycosylase, an enzyme that removes abnormal bases from DNA by hydrolyzing the glycosyl bond (6) .
Our laboratory has been studying AP endonucleases in cultured human fibroblasts (4, 5) . Recently we attempted to simplify our e-ndonuclease assay by measuring the specific binding of the DNase to apurinic DNA in the manner used by Feldberg and Grossman (7) for studying proteins recognizing ultraviolet-irradiated DNA. In applying this assay, however, we found that we could detect not only AP endonuclease but also a protein that was devoid of AP endonuclease activity but still specifically bound to depuriniated DNA. Furthermore, after partial purification of this protein, we found that our preparation could also apparently insert purine bases into the depurinated DNA. This paper describes a preliminary characterization of the partially purified preparation.
MATERIALS AND METHODS Materials. The preparation of phage PM2 DNA and depurination by incubation at pH 5 at 700C have been described (4) . The number of apurinic sites introduced, measured by alkali lability, was found to be 2.2 sites per molecule after 15 min. Assuming a linear extrapolation of depurination from the 15-min point and that various DNA substrates are equally susceptible to depurination, we calculate that, for all substrates, 116 fmol of apurinic sites are produced per nmol of duplex DNA nucleotide per 15 min. Concentrations are expressed as DNA-nucleotide residues, except where specifically noted to be given as DNA molecules. 3H-Labeled purine derivatives were from Schwarz/Mann and were used either directly or purified by thin-layer chromatography on cellulose plates.
Apurinic DNA Binding Assay. The binding of protein to depurinated radioactive phage PM2 DNA was measured with nitrocellulose filters based on a procedure described by Feldberg and Grossman (7) . Assay mixtures contained in 0.3 ml: 10 mM Tris-HCI (pH 8.2), 83 mM NaCl, an aliquot of protein, and 10-20 fmol of PM2 [3H]DNA molecules (roughly 100 cpm/fmol of molecules). The PM2 DNA normally contained an average of 2.2 apurinic sites per molecule. After 30 min at 0°C the assay mixture was diluted with 2 ml of 0.3 M NaCl/0.03 M Na citrate and filtered immediately through a Schleicher and Schuell type BA-85 nitrocellulose filter. The filter was washed with 2 ml of 0.3 M NaCl/0.03 M Na citrate, dried, and assayed for radioactivity in a liquid scintillation counter. One unit of binding activity is the amount that binds 1 fmol of PM2 DNA molecules to the filters. For calculations we assume a Poisson distribution of target sites among the molecules and that one binding event is necessary and sufficient for the filter to retain a molecule. Results were corrected for DNA retained on the filters in the absence of protein (generally 1-2% for freshly prepared DNA).
Purine Base Insertion Assay. Assay mixtures contained in 0.15 ml: 10 mM Tris-HCl (pH 8.2), 83 mM NaCl, 13.3 mM KCl, an aliquot of protein as indicated, [3] [4] [5] [6] [7] [8] [9] uM 3H-labeled base, nucleoside or nucleotide, and 2-3 nmol of apurinic DNA containing 500-700 fmol of depurinated sites. After 1 hr at 37°C, the reaction mixtures were chilled and 1.8 ml of 1 M NaClO4 and then 40 gl of 20 mM EDTA/10 mM caffeine were added with mixing. The mixture was gently extracted with 2 ml of phenol [saturated with 1 M NaClO4 (pH 7.0): chloroform, 1:1 (vol/vol)]. The upper phase (1.6 ml) was added to 5 ml of 10% trichloroacetic acid, filtered through a Whatman GF/C filter, and assayed for radioactivity by liquid scintillation. All values were corrected for a control without DNA (generally 100-200 fmol of base for active enzyme preparations). Values in the absence of protein were generally negligible compared to this correction.
Growth of Cells and Preparation of Extracts. Cell lines 424 and F65, foreskin fibroblast cell lines obtained from the Naval Biological Laboratories (Oakland, CA) were grown in 32-ounce (946-nml) prescription bottles with 50 ml of Dulbecco's modified Eagle's medium containing 10% fetal calf serum; no antibiotics were added. Incubation was at 37°C in a CO2 incubator. The absence of mycoplasma contamination was ensured according to Schneider et al. (8) . Cells from 14-16 bottles (approximately Abbreviation: AP endonuclease, an enzyme acting at apurinic and apyrimidinic sites on DNA. 141 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1 g wet weight) were harvested by scraping with soft plastic and suspended in 25 mM potassium phosphate, pH 7.0/0.15 M NaCI/0.015 M sodium citrate. After two washings with the phosphate-buffered saline by centrifugation, the cell pellet was suspended in 3 ml of 50 mM Tris-HCI (pH 7.5) and sonicated for six 10-sec intervals with a Biosonic sonicator (needle probe, 50 W). The sonicate was centrifuged for 15 min at 10,000 rpm in a Sorvall SS-34 rotor and the pellet was discarded. There was generally about 4000 units and 4 mg of protein per ml of extract. HeLa cells were also used as an extract source, being processed in the same manner.
Purification of the Protein. All operations were carried out at 30C. The extract was made 0.4 M in NaCl by the addition of 5 M NaCI and was passed through 1.0 ml of type 40 DEAE-cellulose that had-been equilibrated with 0.4 M NaCI/50 mM Tris-HCI, pH 7.5. The column was then washed with the same buffer. Fractions (0.75 ml) were collected, and those containing measurable binding activity to DNA containing apurinic sites were pooled. Because the apurinic binding protein was found to be extremely sensitive to dialysis, pooled fractions were diluted to 0.1 M NaCl by the addition of 50 mM Tris-HCl (pH 7.5) and made 5% in glycerol. The diluted extract (14-16 ml with about 800 units and 0.53 mg of protein per ml) was applied to a 5.0-ml column of Whatman P-Il phosphocellulose that had been equilibrated wth 0.1 M potassium phosphate, pH 7.5/5 mM 2-mercaptoethanol/0.2 mM EDTA/5% glycerol. The column was washed with 5 ml of equilibration buffer and then eluted with a 45-ml linear gradient of 100-500 mM potassium phosphate (pH 7.5) containing 5 mM 2-mercaptoethanol, 0.2 mM EDTA, and 5% glycerol. Forty to 60% of the binding activity toward apurinic DNA that had been applied to the column eluted in either the void volume or in a peak near 270 mM potassium phosphate. The active high-salt eluate fractions, containing 60-80% of the recovered binding activity, generally contained about 300-600 binding units and 40-90 ,ug of protein per ml. Approximately 0.2 ml of the high-salt eluate was layered onto a 20-40% glycerol gradient containing 50 mM Tris-HCI (pH 7.5) and centrifuged for 16 hr at 50,000 rpm in an SW 50.1 rotor. Activity appeared at positions corresponding to 6.4 and 2.8 S, the latter being the AP endonuclease described by Kuhnlein et al. (5) . The 6.4S peak generally had roughly 30 units and 20 ,g of protein per ml. The activity was generally unstable; detectable activity remained for 1 week or less after cells were opened. Stability appeared to be improved somewhat by including phenylmethylsulfonyl fluoride or Na-ptosyl-L-lysine chloromethyl ketone-HCI in extracts and subsequent fractions in order to inhibit protease action.
RESULTS
Detection of Binding Protein. When human fibroblast extract was chromatographed on phosphocellulose under the conditions previously utilized for the AP endonuclease activity (5) , two peaks of protein binding to apurinic DNA were found. One was near the void volume, was only partially specific for depurinated DNA, and appeared to be inseparable from the AP endonuclease previously found there. A second peak of binding activity eluted around 270 mM potassium phosphate, was totally specific for depurinated DNA, and generally contained the AP endonuclease activity that peaks at 240 mM potassium phosphate.
When the high-salt eluate was centrifuged through a glycerol gradient, two peaks of binding activity were resolved. One, corresponding to 2.8 S, was associated with the AP epdonuclease. A second one, corresponding to 6.4 S (or about 120,000 daltons), was devoid of AP endonuclease activity. The protein binding specifically to UV-irradiated DNA described by Feldberg and Grossman (7) also did not have associated nuclease Proc. Nati. Acad. Sci. USA 76 (1979) activity. Under our conditions, their protein eluted from the phosphocellulose column at 170 mM potassium phosphate. The apurinic DNA binding activity did not bind to freshly UVirradiated DNA. Purine Insertion Activity. Because the binding protein appeared to be specific for heat/acid-treated DNA, we tested whether the protein would protect the apurinic sites of this DNA from cleavage by alkali (Table 1 ). The protein had no effect alone but in the presence of adenine, guanine, deoxyguanosine, deoxyadenosine, dGTP, or dATP the number of alkali-sensitive sites was decreased. Such protection was not observed when GTP or 7-methylguanine were present.
To determine whether the purine requirement for protection might indicate base insertion, the incorporation of radioactive purine into DNA containing apurinic sites was monitored. Guanine was specifically incorporated into apurinic DNA in a reaction that was dependent upon the time of incubation and the amount of binding protein added (Fig. 1 ). 3H-Labeled adenine, deoxyguanosine, and deoxyadenosine were also incorporated, but thymine and deoxyribosylthymine were not ( Table 2) . It was also observed that blank values (reactions containing protein and radioactive purine but not DNA) were consistently higher for active preparations of binding proteins than for inactive preparations. Furthermore, the blanks increased in proportion to the length of incubation and amount of binding protein added. It thus appears that the protein might itself bind unusually tightly to purine substrates, although more trivial explanations such as contamination of enzyme by polynucleotide substrate are also possible.
The incorporation of purine label and the ability to make apurinic sites resistant to alkali naturally suggested the conversion of these sites to normal nucleotides. Therefore, the fate of the guanine label was followed after incorporation into DNA and subsequent digestion of the DNA to mononucleotides (Table 3) . By this protocol, the majority of incorporated label originating in free guanine could subsequently be recovered in dGMP. added. Chilled reaction mixtures were then tested for nicks introduced by using the nitrocellulose filtration method as described for the AP endonuclease assay (4). To test whether the purine insertion might have a template specificity, depurinated poly(dA-dT) and poly(dG-dC) were used as acceptors (Table 4 ). Both polymers were as active as T7 DNA but appeared to accept only the purine contained in that polymer.
Reaction Requirements. The reaction requirements ( Table  5 ) strongly suggest that the purine insertion reaction is enzymatic. It was optimal near pH 7.5, required K+ but not Mg2+, was totally inhibited by EDTA, and required no obvious energy-related cofactor. The K+ requirement was relatively specific; it could not be satisfied by NHW, Na+ (which is present in all of the reactions of Table 5 ), Mg2+, or Mn2+. Li+, however, supported activity to a small degree. Heating or freezing of the protein totally inactivated it, and caffeine in the range 0.1-1 mM inhibited guanine or adenine incorporation by 20-80%.
Insertion was equally efficient with acid-treated, closed (Fig. 1) . DISCUSSION In the current study a protein that bound preferentially to heat/acid-depurinated DNA was observed and partially purified. The binding protein preparations also were observed to have purine base insertion activity, but we have no definitive evidence that both properties reside within the same protein (purified on cellulose thin-layer plates to exclude contaminates, 1.18 cpm/fmol), and 51 nmol of T7 DNA containing 5800 fmol of depurinated sites. After 1 hr at 370C, 75-,gl samples showed that 760 fmol above the blank was acid-insoluble in the complete reaction. After precipitation with 10% trichloroacetic acid, the remaining mixtures were collected onto Whatman GF/C glass fiber filters and washed with 12 ml of 1 M HCl/0.1 M sodium pyrophosphate. The filter pads were then placed into 1.0 ml containing 60 mM Tris-HCl (pH 7.5), 2 mM CaCl2, 5 mM MgCl2, and 5O ,g of pancreatic DNase (Worthington). After 3 hr at 370C, 3 M NH40H was added to bring the pH to 9; then sufficient snake venom diesterase (Boehringer) to hydrolyze 12.5 ,mol of oligonucleotide per hr was added. After incubation overnight at 37°C, the pad was ground up in the reaction solution and then removed by centrifugation. The supernatant was filtered through nitrocellulose, evaporated to approximately 40 pl, and applied to a thin-layer cellulose chromatography plate. The chromatogram was developed by ascending chromatography at room temperature with saturated NH4SO4/1.0 M sodium acetate/isopropanol, 80:18:2 (vol/ vol). The radioactivity, all of which comigrated with guanine, deoxyguanosine, or dGMP, was identified with appropriate visible markers, eluted with water, and assayed for radioactivity in a liquid scintillation counter. Deoxyguanosine probably arose by hydrolysis of dGMP by phosphomonoesterase contaminating the snake venom diesterase. molecule. Assuming that they do, and that in our binding assays essentially all active molecules are bound to DNA, and that one molecule of binding protein is necessary and sufficient to bind one DNA molecule to a filter, we observe that, when freshly isolated, our preparations transfer 600-1000 purines per hr at 370C per binding protein molecule.
If the enzyme does indeed turn over, a question for future investigations is that of energy. One assumes that the formation of a glycosyl bond requires energy, although the free energy of formation within a DNA molecule has not been directly measured. One suggestion for the free energy source in the case of a free purine substrate is the re-forming of base pairs and stacking at the site of the reaction.* Such a source would not likely be so great as triphosphate hydrolysis. If fidelity were to be dictated by "kinetic proofreading" (9), then we might predict that direct purine insertion is more error-prone than a pathway utilizing excision, polymerase, and triphosphate substrates.
Regarding free base substrates, adenine is considered not to be present in human cells. However, adenine phosphoribosyl transferase is present, and persons lacking that enzyme excrete large amounts of adenine (10) . Thus, it appears that adenine could be available for the insertion activity.
The enzyme described here is clearly analogous to the tRNA guanylation enzyme (11, 12) . That enzyme replaces the Q base of certain tRNAs with guanine in the absence of any obvious energy cofactor, using the free base as substrate. It also requires K+. We have not observed such an activity in our most purified fraction.
We have no direct evidence for the function of the purine insertase activity. However, two observations suggest the existence of multiple mechanisms for the repair of DNA containing apurinic sites.-First, Hennings and Michael (13) reported that mouse skin cells exposed to low levels of N-methyl-N'-nitro-N-nitrosoguanidine incorporate label from deoxyguanosine but not from thymidine. They hypothesized a nonexcision, "guanine-specific repair, in which a single base apparently replaces a base lost by depurination ...." A second indication was provided by experiments with host cell reactivation of heat/ acid-depurinated or methyl methanesulfonate-treated transfecting simian virus 40 viral DNA (R. Kudrna, S. Linn, E. E. * It is also possible that the free base preparations that were utilized had contained small amounts of a high-energy purine derivative that is the true substrate. However, purification of the bases did not alter their effectiveness as substrates; in addition, the nucleosides as well as the mono-, di-, and triphosphates were considerably less effective than the free bases. Conversely, the enzyme could also have been contaminated with an unknown energy-providing cofactor. In fact, the lability of the enzyme could be then related to the lability of such a cofactor contaminant. Penhoet, unpublished observations). Contrary to our expectations, the xeroderma pigmentosum D cell lines that lack a major AP endonuclease species (5) are more effective than normal fibroblasts in the reactivation of the depurinated DNA, although they are defective in reactivation of UV-irradiated DNA. One might explain these results by hypothesizing that a normally silent repair mechanism is more efficient for host cell reactivation and is exhibited in these cells. One might envision that purine base insertion also plays a predominate role in repair during the replication of DNA in order to avoid the multi-enzymatic process of apurinic site incision-excision. On the other hand, the utility of base insertion may not be for DNA repair but rather for situations in which the generation of genetic diversity is desired or when naturally occurring, modified bases are to be replaced by normal ones as a regulatory or developmental signal. Clearly, the search for other AP DNA base insertion activities is warranted.
